Thermostable enzymes and thermophilic cell factories may afford economic advantages in the production of many chemicals and biomass-based fuels. Here we describe and compare the genomes of two thermophilic fungi, Myceliophthora thermophila and Thielavia terrestris. To our knowledge, these genomes are the first described for thermophilic eukaryotes and the first complete telomere-to-telomere genomes for filamentous fungi. Genome analyses and experimental data suggest that both thermophiles are capable of hydrolyzing all major polysaccharides found in biomass. Examination of transcriptome data and secreted proteins suggests that the two fungi use shared approaches in the hydrolysis of cellulose and xylan but distinct mechanisms in pectin degradation. Characterization of the biomass-hydrolyzing activity of recombinant enzymes suggests that these organisms are highly efficient in biomass decomposition at both moderate and high temperatures. Furthermore, we present evidence suggesting that aside from representing a potential reservoir of thermostable enzymes, thermophilic fungi are amenable to manipulation using classical and molecular genetics.
A r t i c l e s
Rapid, efficient and robust enzymatic degradation of biomass-derived polysaccharides is currently a major challenge for biofuel production. A prerequisite is the availability of enzymes that hydrolyze cellulose, hemicellulose and other polysaccharides into fermentable sugars at conditions suitable for industrial use. The best studied and most widely used cellulases and hemicellulases are produced by Trichoderma, Aspergillus and Penicillium species, and they are most effective over a temperature range from 40 °C to ~50 °C. At these temperatures, complete saccharification of biomass polysaccharides (>90% conversion to fermentable sugars) requires long reaction times, during which hydrolysis reactors are susceptible to contamination. One way to overcome these obstacles is to raise the reaction temperature, thereby increasing hydrolytic rates and reducing contamination risks. However, implementing higher reaction temperatures requires the deployment of enzymes that are more thermostable than the available preparations from mesophilic fungi. Additional advantages of elevated hydrolysis temperatures include enhanced mass transfer, reduced substrate viscosity and the potential for enzyme recycling 1 .
Thermophilic fungi represent a potential reservoir of thermostable enzymes for industrial applications. They can also potentially be developed into cell factories to support production of chemicals and materials at elevated temperatures. Enzymes from thermophilic fungi often tolerate higher temperatures than enzymes from mesophilic species, and some show stability at 70-80 °C (refs. 1,2). Notably, it has been reported the cellulolytic activity of some thermophilic species was several times higher than that of the most active cellulolytic mesophiles 3 . Furthermore, biomass-degrading enzymes from thermophilic fungi consistently demonstrate higher hydrolytic capacity 4 despite the fact that extracellular enzyme titers (in grams per liter) are typically lower than those from more conventionally used species comparative genomic analysis of the thermophilic biomass-degrading fungi Myceliophthora thermophila and Thielavia terrestris such as Trichoderma or Aspergillus. We describe comparative genomic analyses of two thermophilic ascomycete species, Thielavia terrestris and Myceliophthora thermophila, to our knowledge the first filamentous fungi with finished genomes. These sequences open the way for new industrial applications of the enzymes from these organisms and potential development of thermophilic fungal production hosts.
RESULTS

Genomes summary
Among thermophilic fungi, M. thermophila and T. terrestris are two of the best characterized in terms of thermostable enzymes and cellulolytic activity [1] [2] [3] [4] . The fermentation characteristics of these two organisms have been examined and found to be suitable for large-scale production 5, 6 . The finished 38,744,216-bp genome of M. thermophila and 36,912,256 bp genome of T. terrestris contain, respectively, seven and six complete telomere-to-telomere chromosomes ( Fig. 1 and Table 1 ). Their telomeres comprise TTAGGG repeats commonly found in telomeres of filamentous fungi. The two genomes are similar in organization. The major difference occurs in chromosome (Ch)1 of T. terrestris, which harbors most of the genes located on Ch2 and Ch4 of M. thermophila. In addition, extensive translocation is observed between Ch1/Ch6 of M. thermophila and Ch2/Ch5 of T. terrestris. The protein coding fractions of the genomes include 9,110 genes in M. thermophila and 9,813 genes in T. terrestris ( Table 1) ; both are smaller than average proteomes of other fungi in the class Sordariomycetes, and substantially smaller than the closely related mesophile Chaetomium globosum 7 , which has 11,124 predicted genes in a 34.9-Mbp genome. These three species within the family Chaetomiaceae share 6,279 three-way orthologs and extensive synteny with >6,000 genes in syntenic blocks between each pair, including four blocks of >400 genes between M. thermophila and T. terrestris ( Supplementary Fig. 1 and Supplementary Table 1) . The breakpoints of the synteny blocks often coincide with AT-rich repetitive regions (Fig. 1) . The largest gene families in the genomes of M. thermophila and T. terrestris include transporters (e.g., MFS, ABC, AAA and sugar transporters) and proteins involved in signaling (e.g., protein kinases and WD40) as shown in Supplementary Table 2 , often with more genes of each type in T. terrestris. Several Pfam domains appear to be expanded in the Chaetomiaceae, including glycoside hydrolase families GH61 and GH11, and hypothetical proteins with a DUF1996 domain of unknown function (Supplementary Table 3 ).
Enzymes for biomass degradation
Proteins encoded in the genomes of T. terrestris and M. thermophila were compared to eight other fungi for genes encoding carbohydrateactive proteins 8 (CAZymes): glycoside hydrolases (GHs), polysaccharide lyases (PLs), carbohydrate esterases, glycosyl transferases (GT) and carbohydrate-binding modules (Supplementary Table 4) . Like the other fungi examined, the two thermophiles harbor large numbers (>210) of glycoside hydrolases and polysaccharide lyases covering most of the recognized families, albeit with important differences ( Supplementary Figs. 2 and 3 and Supplementary Tables 5 and 6). For instance T. terrestris is poor in pectin and pectate lyases (no PL1, PL3, PL9 and PL11) and relatively rich in polygalacturonases (seven GH28). In contrast, the reverse is true for M. thermophila (five PL1, one PL3 and two GH28). Pectin lyases are most active at neutral to alkaline pH whereas GH28 pectin hydrolases are most active in acidic pH. Consistent with their repertoires of pectinolytic enzymes, M. thermophila grows best on pectin at neutral to alkaline pH whereas the growth of T. terrestris on pectin is best at acidic pH ( Supplementary Fig. 4 ). The two thermophiles can be considered all-purpose decomposers with respect to their CAZymes and their ability to degrade plant polysaccharides (Supplementary Fig. 5 ).
Compared to the paradigmatic cellulase producer, Trichoderma reesei, the two thermophiles have similar complements of GH proteins. A major difference is the clear expansion of the GH61 family, and to a lesser extent the GH10 and GH11 xylanases, in members of the family Chaetomiaceae examined in this study (at least 18 GH61 proteins for the Chaetomiaceae and three for T. reesei) (Supplementary Tables 5 and 6 ). The GH61 family was originally classified on the basis of very weak endo-1,4-β-d-glucanase activity found in one family member 9 . Recently, it was reported that certain GH61 proteins lack measurable hydrolytic activity by themselves, but in the presence of various divalent metal ions, they can substantially enhance lignocellulosic biomass hydrolysis by cellulases and reduce the amount of cellulase required for hydrolysis of biomass polysaccharides 10 . The expansion of GH61 genes in this group of fungi may have evolved as a modified strategy for deconstruction of biomass polysaccharides compared to that of other species such as T. reesei is suggested by the evolutionary relationship of GH61 proteins among selected species in the order Sordariales, whose members can be divided into 25 orthologous clades (designated A-Y) (Supplementary Fig. 6 ). The fact that these organisms have maintained a diverse array of GH61 genes throughout their evolution intimates their importance for degradation of plant cell wall polysaccharides, with differing GH61 types possibly acting on A r t i c l e s assorted substrates and/or possessing varied biochemical properties. Differential expression of discrete GH61 subtypes (noted below) supports this view.
Transcript profiles on biomass substrates
To examine the strategy used by these thermophiles for decomposition of plant cell wall polysaccharides, we used RNA-Seq to compare transcript profiles during growth on barley straw or alfalfa straw to growth on glucose. Alfalfa was chosen to represent dicotyledonous plants, whereas barley was used to represent monocotyledon plants.
The major difference between these materials is that the carbohydrates from barley cell wall are mainly cellulose and hemicellulose with a negligible amount of pectin 11 , whereas alfalfa cell wall contains pectin and xylan in roughly similar proportions, each consisting of 15-20% of total carbohydrates 12 .
We observed notable differences between the transcriptional profiles of genes encoding different classes of carbohydrate-active enzymes ( Fig. 2a and Supplementary Tables 5-7). As expected, the genes encoding enzymes used for modification of fungal cell walls (e.g., GH16, GH17 and GH72 proteins) are expressed at similar levels during growth on glucose and plant straws for the two organisms. In contrast, transcripts encoding enzymes that deconstruct plant cell walls are upregulated only during growth on barley or alfalfa straws. For growth on barley straw, the induced transcripts correspond closely with the substrate composition; genes for cellulolytic and xylanolytic enzymes are highly upregulated, followed by genes for arabinanases, mannanases and to a lesser extent pectinolytic enzymes. However, such simple matching of gene activity and substrate constituents does not extend to growth on alfalfa straw, especially for T. terrestris. Though upregulated when compared to growth on glucose, transcripts encoding xylanolytic enzymes during growth on alfalfa straw are kept at a relatively low level in both organisms. Transcripts encoding pectin lyases are highly upregulated for M. thermophila but not for T. terrestris, accentuating alternative strategies used by these two organisms for degradation of pectin. T. terrestris degrades pectin using primarily hydrolase activity (GH28), whereas M. thermophila employs predominantly pectin lyases. When grown on complex substrates, several genes encoding GH61 proteins are highly upregulated in the thermophiles, particularly on barley straw for M. thermophila.
Fungi that decompose plant biomass typically possess multiple genes for degradation of a given polysaccharide polymer, and the thermophiles are no exception. Orthologs in these two genomes display similar patterns of expression. Only a subset of genes encoding a given enzyme activity is upregulated. Moreover, the same subset of genes is upregulated in different growth conditions. For example, the orthologs in Clades A, B, E, G and P of GH61 are upregulated under growth in complex substrates for both thermophiles (Fig. 2b ). An even more striking correlation between transcript levels and orthologs is evident for the GH6 and GH7 cellulases (Supplementary Fig. 7) where the transcript profiles for the orthologs of the two organisms are essentially identical. With the exception of the pectinolytic enzymes, the correlation between expression profiles and orthologs extends to many of the lignocellulolytic proteins (Supplementary Table 7 ).
Secretomes and exo-proteomes
In addition to extracellular CAZymes involved in digestion of polysaccharide nutrients, the genomes of M. thermophila and T. terrestris encode an assortment of hydrolytic and oxidative enzymes that may enhance their ability to forage noncarbohydrate substrates. Collectively, secreted proteins (the secretome) can also provide important information regarding cellular physiology and metabolism in both natural and industrial bioprocessing conditions. The secretomes of M. thermophila and T. terrestris are predicted to comprise 683 and 789 proteins, respectively (Supplementary Tables 8 and 9 ), of which 569 are homologs. The predicted extracellular proteins (the secretome) include about 180 CAZymes, 40 peptidases, >65 oxidoreductases and >230 proteins of unknown function in each species. Bioinformatic prediction tends to overestimate the number of secreted proteins because the features of some intracellular proteins, in particular those residing in the endoplasmic reticulum, are indistinguishable from secreted proteins. We therefore used mass spectrometry to identify Figure 2 Analysis of transcription profiles. (a) Expression of CAZymes genes of the thermophiles cultured on glucose, alfalfa straw and barley straw. Gene activity is presented as percentage of total CAZymes gene activity of the three culture conditions of each organism. For the present analysis, cellulases include endoglucanases and cellobiohydrolases from GH5, GH6, GH7, GH12 and GH45; xylanases refer to GH10 and GH11 endoxylanases; arabinanases are endoarabinanases and arabinosidases from GH43, GH51 and GH62; mannanases are GH5 and GH26 endomannanases; and pectinases include polygalacturonases, rhamnogalacturonases, pectin lyases and pectin esterases from GH28, PL1, PL3, PL4, CE8 and CE12. 
X y la n a s e s
A r a b in a n a s e s M a n n a n a s e s P e c t in secreted proteins involved in biomass degradation. In general, the genes encoding the identified proteins are expressed at levels higher than those of their paralogs that are not detected extracellularly, especially during growth on agricultural straws (Supplementary Tables 8  and 9 ). Based on transcriptome analysis, the few peptidases detected in the exo-proteomes do not display differential regulation, implying that peptidases are not critical components in biomass degradation. Notably, the genes encoding some hypothetical proteins and oxidoreductases that are detected in the exo-proteomes, and which possess predicted signal peptides, are upregulated when these fungi are cultured on agricultural straws as compared to glucose; for example, Mycth_59005, Mycth_2298860, Mycth_2303335 and Thite_2106069. The role of these secreted proteins in lignocellulose degradation is currently being investigated.
Hydrolysis of polysaccharides in alfalfa straw
Thermophilic fungi are major components of the microflora in selfheating composts. They break down cellulose at a faster rate than prodigious, mesophilic cellulase producers such as T. reesei at 40-50 °C (ref.
3). Plant biomass-degrading enzymes characterized from thermophilic fungi have temperature optima between 55 °C and 70 °C (refs. [13] [14] [15] . Consequently, enzymes from thermophiles are expected to break down plant biomass at a faster rate than enzymes from mesophiles at elevated temperatures. We examined the temperature effects on the hydrolysis of alfalfa straw using enzymes from M. thermophila, T. terrestris, C. globosum and T. reesei (Fig. 3) . The optimum temperature of hydrolysis for enzymes from T. reesei occurs at 50 °C. The enzyme mixture from C. globosum displays a broad temperature optimum from 30-60 °C. Enzymes from the thermophiles release appreciably higher amounts of reducing sugars than do the enzymes from the mesophiles, with peaks at 40 °C and 60 °C. The biphasic temperature profile of cell wall decomposition suggests that the proteins secreted by the thermophiles contain multiple biomass enzymes, some of which have temperature optima at 60 °C, whereas others have optima around 40 °C.
To determine whether biomass-degrading enzymes from these thermophiles possess distinct temperature optima, we successfully cloned and expressed in Aspergillus niger the genes encoding seven xylanases from the thermophiles and tested their biochemical properties. The temperature optima for these xylanases range from 45 °C to 70 °C ( Table 2) . These results suggest that M. thermophila and T. terrestris not only possess diverse enzyme activities for degradation of plant cell wall polysaccharides, they have also evolved diverse properties for these enzymes that enable efficient hydrolysis over a range of temperatures. The diversity of enzyme activities and properties may help to explain the ubiquity of these organisms in decomposing biomass.
Potential utility of sexual cycle for strain development The ability to do sexual crossing is rare among fungal cells used for bioproduction. Crossing can facilitate strain improvement stemming from recombinant DNA methods, classical mutagenesis, genome shuffling or natural variation. In this context, we evaluated genes involved in mating and the potential for outcrossing, particularly in M. thermophila.
Nearly all thermophilic Chaetomiaceae are either homothallic (selffertile), as is the case for C. globosum and T. terrestris, or have been observed only in the asexual state, as is the case for M. thermophila. We examined these genomes for homologs of the mating-type genes of Neurospora crassa. Each genome possesses a homolog of N. crassa matA-1 (CHGT_06585, Mycth_2298236 and Thite_2111503), the primary gene responsible for mating-type determination in mat A strains. As in N. crassa, matA-2 homologs in the Chaetomiaceae species (CHGT_06585, Mycth_2107654 and Thite_2127265) are immediately adjacent to matA-1 genes, and presumptive matA-3 homologs are adjacent to matA-2 genes (CHGT_06584, 1 Mycth_2115740 and Thite_2111506). We could not identify homologs for mat a genes.
The M. thermophila genome allowed us to confirm the close relationship between this species and Myceliophthora heterothallica (Thielavia heterothallica) 16 , reported to be heterothallic 17 and for which mat A and mat a strains have been identified at the molecular level. Using molecular markers based on M. thermophila sequences, we confirmed heterothallism and marker segregation in isolates of M. heterothallica from diverse locations (to date: New Mexico, Indiana and Germany). Attempts to cross the sequenced strain of M. thermophila were not successful. The ability to cross M. thermophila would permit optimization of gene combinations with natural and engineered gene variants, as well as development of a complete model organism from this industrially important group. Evidence of repeat induced polymorphism in the sequenced species (Supplementary Notes) could represent an obstacle to be overcome to exploit crosses between strains with multicopy transgenes.
Distinguishing thermophilic from mesophilic fungi
Compared to the closely related mesophile C. globosum, the genomes of M. thermophila and T. terrestris contain larger fractions of repetitive Figure 3 Release of reducing sugars from alfalfa straw by crude extracellular enzymes from thermophilic and nonthermophilic fungi. The crude extracellular enzymes from the fungi cultured on alfalfa straw were used for hydrolysis. The hydrolysis reactions were performed at the temperatures indicated. The final protein concentrations in the reaction mixtures were: Chaetomium globosum, 439 µg/ml; Myceliophthora thermophila, 422 µg/ml; Thielavia terrestris, 362 µg/ml; and Trichoderma reesei, 524 µg/ml. Mycth_100068  GH11  50  Mycth_2121801  GH11  60  Mycth_112050  GH10  60  Mycth_116553  GH10  70  Thite_2117649  GH10  60  Thite_2042100  GH11  50  Thite_2107799  GH11  45 A r t i c l e s sequences that have low GC content, introducing significant GC variation (Supplementary Fig. 8) . When comparing the GC content of M. thermophila and T. terrestris with C. globusum and other species within the class Sordariomycetes, it appears that although the genomes of the thermophilic species have a slightly lower genome-level GC content than C. globosum, they have a higher GC content in coding regions, which is reflected in the third position of codons (Supplementary Table 10 ). Since G:C pairs are more thermally stable, this may suggest the potential adaptability of protein-coding genes to high temperatures. Approximately 75% of M. thermophila codons have a higher GC content at the third nucleotide position (GC3) compared to the corresponding C. globosum orthologs. The percentage is even higher when comparing T. terrestris with C. globosum; 92% of T. terrestris codons have a higher GC3. This is in contrast to thermophilic prokaryotes, where analysis of large numbers of sequenced thermophiles and hyperthermophiles did not reveal a correlation of higher GC (and GC3) with thermal adaptability 18 . It remains to be seen whether high GC3 content will hold true for other thermophilic eukaryotes. Analysis of prokaryotic thermophiles also included multiple attempts to define amino acid 'signatures' of thermophilic adaptations. A seven amino-acid motif IVYWREL has been reported that positively correlates with elevated growth temperatures in 204 complete proteomes of archaea and bacteria 19 . Two groups observed that thermophilic proteins are enriched in glutamine, arginine and lysine amino acid residues and contain lesser amounts of alanine, aspartic acid, asparagine, glutamine, threonine and serine 20, 21 , and another group found three notable substitutions (lysine to arginine, serine to alanine and serine to threonine) by comparing thermophilic Corynebacterium efficiens and mesophilic C. glutamicum, and suggested the differences are probably important for thermostability of C. efficiens proteins 22 . We searched for these amino acid signatures in filamentous fungi and found that they do not distinguish fungal thermophiles from their mesophilic relatives (Supplementary Tables 11-14) . On the basis of our comparative analyses of the genomes from two thermophilic fungi, we conclude that their nucleotide and protein features are different from those observed in thermophilic prokaryotes.
We also investigated the possibility that thermophilic fungi possess major differences in processes mediating thermophily including heat shock, oxidative stress, membrane biosynthesis, chromatin structure and modification, and fungal cell wall metabolism. We compared the proteins predicted to be involved in these processes in C. globosum, M. thermophila and T. terrestris, but were unable to find differences that can convincingly be interpreted as the molecular bases that underpin fungal thermophily (Supplementary Notes and Supplementary Tables 15-25 ).
Phylogeny and the origins of thermophily among Ascomycota Thermophilic fungi, defined as fungi that grow better above 45 °C than at 25 °C, have evolved independently in at least two lineages within the phylum Ascomycota, once each within the orders Sordariales and Eurotiales (Supplementary Fig. 9 ). Within the Sordiariales, thermophily is restricted to subgroups of the family Chaetomiaceae. Among fungi more broadly, thermophily also exists in the Zygomycota, but it appears to be rare or absent in the phyla Basidiomycota and Chytridiomycota. The evolutionary trajectory of thermophily is obscured by chaotic taxonomy 23 . Biosystematic efforts have lagged behind research on thermophiles in industry, resulting in a body of literature for these organisms that lacks accurate taxonomic treatments. Aside from the potential for creating disputes and confusion in the commercial realm, the state of taxonomic study hinders efforts to determine the number of sublineages in which thermophily has been gained and lost in the groups where it is common. The fungi that are the subject of this paper provide excellent examples. M. thermophila has been placed alternately in the anamorphic genera Sporotrichum and Chrysosporium, both of which are inappropriate for fungi in the family Chaetomiaceae. Recognition of this organism as a member of the Chaetomiaceae therefore removes the need to assume a separate origin for thermophily in a third order of filamentous ascomycetes. True thermophiles have been assigned to the genera Chaetomium and Thielavia, along with mesophilic and thermotolerant species. If current taxonomic conclusions are correct, this would imply multiple independent gains or losses of thermophily within the family Chaetomiaceae. Alternatively, it is possible that current classification does not reflect phylogenetic relationships.
DISCUSSION
Thermophilic fungi are ubiquitous organisms commonly found in decomposing organic matter. The biotechnological utility of these fungi has been recognized for many years. The finished genomes for the two thermophiles may serve not only as reference genomes for studies on genome evolution and structure, but might also support targeting and mapping of changes that could facilitate strain construction and improvement. Selection from natural population variability or from mutagenized strains remains a useful tool for strain development. With a finished genome as a scaffold and modern sequencing technologies, resequencing these strains and identifying mutations becomes relatively simple but very helpful for identifying beneficial and deleterious genetic changes.
Thermostability alone does not explain why the enzymes from the thermophilic fungi display higher hydrolytic power than enzymes produced by mesophiles. Crude extracellular enzymes from the thermophiles exhibit higher hydrolytic capacity than their counterparts from mesophiles at temperatures ranging from 30 °C to 60 °C (Fig. 3) . One explanation is that the enzymes from the thermophiles possess higher specific activity toward lignocellulosic biomass. It is also possible that the thermophiles secrete a broader spectrum of accessory proteins that accelerate biomass degradation. In addition to the GH61 proteins 10 , the poorly characterized extracellular proteins that are upregulated when the fungi are cultured on straws (Supplementary Tables 8 and 9 ) may represent new lignocelluloseactive proteins.
When expressed in a mesophilic heterologous fungal host, the enzymes from thermophilic fungi usually retain their thermostable character 24, 25 . This provides an excellent opportunity to replace specific enzyme components in mesophilic production organisms with better-performing counterparts from thermophiles 10 . Additionally, prospects for further enhancements in the industrial performance of these enzymes through protein engineering appear likely 26 .
An intriguing alternative to replacement of individual enzyme components in mesophiles with thermostable orthologs may involve development of thermophilic fungal production hosts. In this regard, such hosts that provide better hyphal morphology in tank fermentations have been shown to result in reduced viscosity and improved productivity, and they can be engineered by using protoplast transformation to introduce recombinant DNA constructs 5, 6 . It is also noteworthy that the well-developed industrial production organism previously known as Chrysosporium lucknowense C1 was recently reclassified as an isolate of M. thermophila 27 . When combined with the prospect of a functional sexual cycle and a finished genome, both of which enable rational design of improved strains, these observations may provide an adequate toolbox for development of efficient thermophilic fungal host strains.
